Laser-induced bulk-damage threshold (LIDT) of various types of silica glasses at 532 and 355 nm caused by lasers with pulse widths of %5 ns (refered as nanosecond laser [NSL]) and 30 ps (refered as picosecond laser [PSL]) were observed. The LIDTs of fused quartzes (FQs) produced by melting natural quartz powder were less than those of synthetic fused silicas (SFSs) at both wavelengths. At 355 nm, the LIDT of SFS containing 1000 ppm of Cl was almost the same as that of FQ at 1 pulse, and that at 12000 pulses was between those of SFSs and FQs. The variation of LIDT among samples for PSL is less than that for NSL.
Vitreous silica (v-SiO 2 ) is used as a fine optical material in various applications such as deep-ultraviolet lithography, laser nuclear fusion, and fine laser fabrications. Since a laser with a high-power pulse is used in these applications, damage might be induced in optical materials. 1) In previous papers, 2, 3) we studied the wavelength dependence of the laser-induced bulk-damage threshold (LIDT) with a single pulse of the fundamental and higher harmonics of a Nd:YAG laser at 1064, 532, 355, and 266 nm with pulse widths of 1.1, 0.95, 0.85 and 0.75 ns, respectively. The LIDTs at 355-1064 nm can be expressed approximately by 1:76 0:43 in J/cm 2 , being the wavelength in nanometers. At 266 nm, on the other hand, the LIDT was approximately one half of the extrapolation value using this formula. Although the outline of the wavelength dependence of the LIDT of v-SiO 2 can be described at the above wavelenghths, a difference in LIDT among different kinds of v-SiO 2 beyond experimental error was observed except at 1064 nm. At 532 and 355 nm, the LIDTs of fused quartzes (FQs) produced by melting natural quartz powder were lower than those of synthetic fused silicas (SFSs) produced from a liquid material in the vapor phase. At 355 nm, the LIDT of a SFS whth SiCl has the lowest LIDT among SFSs.
To study in more detail the characteristics of the LIDT at 532 and 355 nm, we compared the bulk LIDT of various types of v-SiO 2 at 532 and 355 nm when using laser pulses of %5 nm and 30 ps at 1 and 12000 pulses. Hereafter, we will refer to these lasers as NSL (nanosecond laser) and PSL (picoseconds laser), respectively.
Commercially available v-SiO 2 was used. 4) Sample ES is produced by flame hydrolysis of SiCl 4 directly in a H 2 /O 2 flame containing 1200 ppm of OH and 40 ppm of Cl.
1)
Samples ED-A, ED-B, ED-C, and ED-H are produced by the vapor-phase axial deposition (VAD) method, 1) a type of soot-remelting method. ED-A and ED-H have 90 and 40 ppm of OH, respectively, and no Cl. ED-C has 1000 ppm of Cl and no OH. ED-B has, no OH and no Cl. Samples OX and HR are produced by melting natural quartz powder in a H 2 /O 2 flame and electric furnace, and contain 150 and 10 ppm of OH, respectively. 1) These samples were cut into 4 Â 4 Â 3 cm pieces and all surfaces were optically polished.
The output from a single-mode Q-switched Nd:YAG laser (a Continuum Powerlite 8000) as a NSL and a mode-locked Nd:YAG laser (regenerative amplifier RGA-69-10 with mode-locked oscillator from Continuum) as PSL, was frequency up-converted using KD*P and KDP crystals.
The pulse widths of NSL are 6 ns at 532 nm and 5 ns at 355 nm. Those of PSL are 30 ps at both wavelengths. The amplified laser pulse was focused with a 10-mm-focal-length lens. The focused laser beam had a smooth Gaussian shape with a spot diameter at a 1=e 2 peak intensity of 60 to 70 mm for NSL and 63 mm for PSL. The laser energy was adjusted with the combination of a half-wave plate and dielectric polarizer without changing the pumping energies of the amplifiers so as not to change the beam shape on the sample. The laser energy and the pulse shape were monitored with biplanar phototubes which were calibrated using a standard calorimeter. The damage was defined as any visible change in the laser-irradiated site by the measurement of scattered light under a dark field. The irradiated site on the sample was moved after each laser shot irrespective of the presence or absence of damage.
The LIDT of various types of v-SiO 2 at 532 and 355 nm when irradiating at 1 and 12000 pulses are shown in Fig. 1 . At first, we will describe the nature of the LIDT at 532 nm. When using NPL, the LIDTs of FQs are less than those of SFSs at 1 and 12000 pulses. The LIDT of OX is greater than that of HR at 1 pulse, and vice versa at 12000 pulses. The LIDTs of SFSs were the same within experimental error. When using PSL, the difference in LIDT among all samples is smaller than that in the case of NSL. The LIDT of ED-H is a slightly larger than those of the other samples. The LIDTs of FQs are also less than those of SFSs for PSL; ES has the second highest LIDT and ED-C has the lowest LIDT among SFSs both at 1 and 12000 pulses. At 355 nm, the LIDTs of FQs are also less than those of SFSs except for ED-C; ED-C has the lowest LIDT at 1 pulse both for NSL and PSL. At 12000 pulses, the LIDT of ED-C is between those of the other SFSs and FQs. The LIDTs of OX are less than those of HR when irradiating with 1 and 12000 pulses of NPL, and vice versa for PSL. As for NSL, the LIDTs of ES are the highest both at 1 and 12000 pulses. This LIDT order is the same as that in our previous paper. 3) As for PSL, the variation of LIDT among samples became small as in the case of 532 nm. In this case the values of LIDT for SFSs were almost the same except for ED-C. The LIDT of ED-C is the same as those of FQs at 1 pulse, and the value is between those of SFSs and FQs at 12000 pulses as in the case of NSL.
As mentioned above, the LIDTs of FQs at 532 and 355 nm are less than those of SFSs. In particular, the differences between the LIDTs of FQs and SFSs are greater for NSL than for PSL. In our previous paper, 3) we pointed out that the decrement of the LIDT is related to the creation of absorption in the visual region due to the annealing effect by the temperature increase of the material combined with the photoexcitation of metallic impurities; this is suggested by the finding that FQ becomes smoky brown, exhibiting absorption even in the visual region, by irradiation with an ultraviolet laser after heat treatment. 3) If the annealing effect is a key factor in determining the LIDT, the effect should be more apparent for a larger pulse width because more time is required to anneal the material and induce the absorption derived from metallic impurities in the FQs. In fact, the differences between the LIDTs of SFSs and FQs are more apparent for NPL than PSL both at 532 and 355 nm.
At 532 nm, the LIDT order between OX and HR are different at 1 and 12000 pulses. This difference could be due to the annealing effect on the absorption band in OX through the increment in temperature by the irradiation. OX has an absorption band at %240 nm which can be annealed out. 3, 5) Before the damage induced at 12000 pulses, the OX structure focused on could be annealed out, and the structural change could affect the decrement in the LIDT of OX. The annealing effect is particularly stronger in NSL than in PSL because of its larger pulse length. HR also has an absorption band at a similar position, but it cannot be annealed out. 5, 6) Therefore the LIDT of HR is greater than that of OX at 12000 pulses.
At 355 nm, the LIDT of OX is less than that of HR even at 1 pulse. This could be because the annealing effect is stronger than in the case of 532 nm and it occurs even at 1 pulse. If the annealing effect is absent, the LIDT of OX must be greater than that of HR because the annealing effect by 1 pulse of a 532 nm photon should be the weakest under all the conditions. It had also been discussed in the previous paper that the creation of the absorption in the visual region is easier to achieve in HR than OX and produces less LIDT in HR; in order to create the visual absorption, annealing before irradiation is required for OX, but the annealing is not necessary in HR.
3)
The reason the LIDT of ED-C is lower than that of the other SFSs at 355 nm could be related to the presence of Cl in the silica because ED-C contains approximately 1000 ppm of Cl. We pointed out in our previous paper that such a low LIDT is related to the absorption of Cl 2 at 325 nm.
3) At 1 pulse, the decomposition of the Cl 2 molecule must be a trigger of the fracture of the material. Before the fracture at 12000 pulses, most of the Cl 2 must be destroyed, and the effect of the decomposition of the Cl 2 molecule becomes less than at 1 pulse. Therefore, the LIDT of ED-C becomes greater than that of FQs at 12000 pulses.
In summary, we measured the laser-induced bulk damage of various types of silica glasses at 532 and 355 nm using pulse widths of %5 ns and 30 ps. The LIDTs of FQs were less than those of SFSs at both wavelengths. A SFS containing 1000 ppm of Cl has a LIDT between those of SFSs and FQs at 355 nm. The variation of LIDT among samples for PSL is less than that for NSL. This result suggests that the annealing effect of the laser pulse occurs before the damage.
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